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Oats are a nutritional grain, yet it is surprisingly difficult to obtain replicated information on the composition of oat groats. Perhaps the best modern source on oat composition is found in the review by Welch (1995) , where composition from many sources is compiled. The data are primarily derived from nutritional composition developed for label purposes. As can be understood from that review, most studies involving replicated plots with environmental replication on oat composition have concentrated on a single compositional component. However, complete nutritional analysis of specific cultivars of oats from replicated plots is not well documented in the modern literature. Several studies (Aman 1987; Frolich and Nyman 1988; Asp et al 1992; Humphreys et al 1994; Doehlert et al 2001; Peterson et al 2005) have provided partial compositional analysis but have failed to include numerous components of nutritional interest. Here, we attempt to provide a more complete oat groat compositional analysis of a number of popular North American cultivars (and two breeding lines) and attempt to demonstrate the environmental stability of nutritional quality in oats. We have also included amino acid and fatty acid composition of the oats to provide a more complete view of oat nutritional composition.
MATERIALS AND METHODS

Plant Material
Sixteen oat (Avena sativa L.) cultivars (AC Assiniboia, Beach, Brawn, CDC Dancer, Gem, HiFi, Killdeer, Leonard, Maida, Morgan, Morton, Otana, Pinnacle, Ronald, Triple Crown, and AC Weaver) and two breeding lines (ND021612 and ND030291) were grown at three locations (Carrington, Fargo, and Williston) in North Dakota in 2005 and 2006 under cultural conditions essentially identical to those described in Doehlert et al (2001) .
Weather Data
Weather data were gathered by automated weather stations located within 1,000 m of the field plots. The stations were managed by the North Dakota Agricultural Weather Network, and the results were obtained online (http://ndawn.ndsu.nodak.edu/). Weather data used for analyses included monthly means of mean maximum air temperature, mean minimum air temperature, solar radiation, potential evapotranspiration, and total monthly rain (precipitation). Potential evapotranspiration is an estimate of the maximum daily crop water loss when water is readily available. It is calculated from the solar radiation, dew point temperature, wind speed, and air temperature with the Penman equation (Penman 1948) and is based on a crop like alfalfa.
Sample Preparation
Grain was dehulled with either an impact or a compressed air dehuller as described in Doehlert et al (2010a) . Enzymes were inactivated by steaming in a vegetable steamer for 20 min. Grain was ground to a flour with a Retsch Z-200 centrifugal mill (Retsch, Haan, Germany) with a 0.5 mm collar screen and stored in sealed plastic bags at -4°C until used. Moisture was determined from loss of mass of 2 g flour samples after 2 h at 130°C. All composition values are expressed on a dry basis.
Chemical Analysis
Starch was determined by a method similar to AACC International Approved Method 76-13.01. Initially, 100 mg samples were weighed into 15 mL screw-cap tubes. Soluble carbohydrates were removed by washing the flour in 3 mL of 80% ethanol. After centrifugation at 1,000 × g for 10 min, the supernatant was decanted. Acetate buffer (5 mL, 40mM, pH 4.0) was added to the pellets, and the starch was gelatinized in a boiling water bath by immersing the tubes and vortexing every 30 s to prevent clumping to the particles. An additional 5 mL of acetate buffer was added along with 2.5 mL of a solution containing 15 mg of α-amylase (from Bacillus licheniformis, A4551, Sigma Aldrich, St. Louis, MO, U.S.A.) and 1 mL of amyloglucosidase solution (E-AMGDF, Megazyme Bray, Ireland) in 100 mL of acetate buffer. Tubes were incubated at 50°C for 120 min, vortexing every 20 min. Contents of tubes were emptied into 250 mL volumetric flasks, and the flasks were brought to volume with distilled water. Glucose concentration was determined by the glucose oxidase/peroxidase method as described by Bergmeyer and Bernt (1963) and results converted to starch by standard conversions.
Protein was determined by Leco combustion analysis (Eden Prairie, MN, U.S.A.) according to AACCI Approved Method 46-30.01.
Oil in groats was determined by a Newport NMR analyzer (Oxford, U.K.) calibrated with vegetable oil. Groats were dried at 130°C for 18 h and cooled in a desiccator before NMR analysis to eliminate interference from water.
The concentration of (1→3),(1→4)-β-glucan (β-glucan) was determined by the method of McCleary and Glennie-Holmes (1985) .
Neutral detergent fiber (NDF) was determined with an Ankom fiber analyzer (Macedon, NY, U.S.A.) following the manufacturer's instructions. The process involved extensive washing and heat-stable α-amylase treatment, which in our experience hydrolyzes β-glucan to an extent that no soluble fiber would be expected to remain. Thus, our estimation of β-glucan is meant to estimate the soluble fiber, and the NDF is meant to estimate the insoluble fiber.
Ash of a 2 g sample was determined in an ashing oven by initially incubating samples in crucibles for 1 h at 350°C, increasing the oven temperature to 450°C and again to 590°C after a 1 h interval, and then maintaining 590°C for 18 h. After ashing, crucibles were removed from the ashing oven and allowed to cool in a desiccator before measuring ash weight.
Protein amino acids were determined by the University of Missouri Experiment Station Laboratory following AOAC method 982.30 E, sections a and b (AOAC International 2006) .
Free amino acids were extracted as described by Mustafa et al (2007) with minor modifications. Samples (0.2 g, 14%, mb) were mixed with 15 mL of ethanol solution (50%, v/v) that was preheated to 50°C. The mixture was stirred at 50°C at a speed of 150 rpm for 20 min with an incubating shaker (MaxQ 4000, Barnstead/Lab-line, Thermo Scientific, Waltham, MA, U.S.A.). After mixing, an aliquot (1.5 mL) was removed and centrifuged at 7,200 × g for 15 min. An aliquot (200 μL) of the supernatant was then derivatized with the EZ-Faast amino acid kit for gas chromatography and mass spectrometry (Phenomenex, Torrance, CA, U.S.A.). After adding the 20 nmol of norvaline internal standard to the sample solution, amino acids were separated by a solidphase extraction and then subjected to a two-step derivatization at room temperature according to the EZ-Faast procedure. The derivatized amino acids were dissolved in isooctane/chloroform (100 μL) and analyzed by gas chromatography (HP 5890 Series II, Hewlett Packard, Palo Alto, CA, U.S.A.) equipped with a mass selective detector (HP 5971, Hewlett Packard) (Curtis et al 2009 ). An aliquot of the derivatized amino acid solution (2 μL) was injected at 280°C in 1:1 split mode into a Zebron ZB-AAA capillary column (10 m × 0.25 mm, 0.25 μm film thickness, Phenomenex). The oven temperature was held at 110°C for 1 min and then increased at 30°C/min to 320°C after injection. The transfer line and ion source temperatures were maintained at 320 and 230°C, respectively. Carrier gas flow rate was maintained at 0.9 mL/min throughout the run. A calibration curve was generated with three different standard solutions provided by Phenomenex (EZ-Faast kit, Phenomenex).
Fatty acid composition was determined from acid methylation of 300 mg of flour. Two milliliters of 2% sulfuric acid was added to the flour in 15 mL screw-top tubes, and the tubes were sealed and allowed to reflux at 67°C for 2 h, vortexing every 20 min. Tubes were cooled, and 2 mL of a potassium carbonate solution was added to neutralize the acid. An internal standard was added (100 μL of 5 mg/mL methyl heptadecanoic acid), the mixture was vortexed, and then it was extracted with 2 mL of hexane. The mixture was vortexed extensively, centrifuged at 300 × g for 10 min, and the hexane was removed and sealed in gas chromatography vials. Methylated fatty acids were analyzed with a Supelco SP-2560 gas chromatography column (100 m × 0.25 mm i.d., 0.20 μm film), in which the initial oven temperature was 140°C for 5 min and raised to 240°C at a rate of 4°/min. A Supelco 37 component FAME mix (Supelco, Bellefonte, PA, U.S.A.) provided the standards for calibration. Soluble carbohydrates were removed by washing the flour in 3 mL of 80% ethanol. The 80% ethanol was evaporated to dryness. The residue was resuspended in 0.5 mL of water, 0.3 mL of 30% phenol was added, and the tube was vortexed. Then 1.5 mL of concentrated sulfuric acid was added; tubes were allowed to sit at room temperature for 20 min, and absorbance at 490 nm was read with a spectrophotometer. Glucose was used as a standard carbohydrate.
Micronutrient Analysis
Subsamples of seeds for determination of micronutrient concentrations were taken randomly from the entire harvested lot of each replicated entry of the field plots at each location. Each replicated ground oat seed sample was prepared by a standard HNO 3 -H 2 O 2 digestion method (Thavarajah et al 2008 (Thavarajah et al , 2009a .
Micronutrient concentrations measured by this modified method were validated with NIST standard reference material 1573a. CDC Redberry lentil seeds and organic wheat were used as laboratory reference materials and measured periodically to ensure consistency in the method. Total micronutrient (calcium, magnesium, potassium, manganese, and copper) concentrations in lentil seeds were measured with flame atomic absorption spectroscopy (AJ ANOVA 300, Lab Synergy, Goshen, NY, U.S.A.). Total selenium was measured by hydride generation flame atomic absorption spectroscopy equipped with a hydride generation apparatus (AJ ANOVA 300, Lab Synergy). Measurements were made on the digested sample solutions outlined earlier.
Phytic Acid Analysis
Each replicated seed sample was prepared following the modified phytic acid extraction method described by Thavarajah et al (2009b) . A Waters 2695 separation module attached to a Waters 432 conductivity detector was employed for high-performance ion exchange separation analysis (Waters, Mississauga, ON, Canada). Briefly, extracted phytic acid was separated with an Omnipac Pax-100 anion exchange column (250 × 4 mm i.d.) connected to an Omnipac Pax-100 (8 μm) guard column (Dionex, Sunnyvale, CA, U.S.A.) in a series. A gradient mobile phase using 130mM sodium hydroxide, deionized water-isopropanol (50:50, v/v), and water was applied. An ASRS 300 4 mm anion suppressor (Dionex) system was used to suppress the mobile phase conductivities prior to the phytic acid detection (Talamond et al 2000; Thavarajah et al 2009b) .
Experimental Design and Statistical Analysis
Field plots were arranged in a randomized complete block design with three replicates. Analysis of variance (ANOVA) was applied to data, in which genotypes were considered fixed and environments were considered random. ANOVAs were calculated with the Statistix computer package (Analytical Software, Tallahassee, FL, U.S.A.), in which the environment × replicate mean square was used as an error term to test the environmental effect. The genotype × environment interaction mean square was used to test the genotypic effect, and the genotype × environment interaction was tested with the residual mean square. Mean separation for genotypes was evaluated by the least significant difference, which was also calculated by the Statistix software program using the genotype × environment mean square as an error term. Correlations and step-wise regressions were also calculated with the Statistix computer package.
RESULTS AND DISCUSSION
Compiled weather conditions indicate a wide range of weather conditions among the environments studied (Table I ). The year 2005 was wet and cool. The year 2006 was dry and hot. The westernmost location (Williston) was drier and hotter than the more eastern locations (Carrington and Fargo). We expect most of the environmental variation in composition resulted from variation in weather conditions.
Oat grain is covered with a hull, which is largely composed of insoluble fiber. The hull content of these samples has already been addressed in detail, as well as kernel size, mass, volume, and density (Doehlert et al 2009a (Doehlert et al , 2009b (Doehlert et al , 2010a .
The most abundant nutritional component in oat kernels was identified as starch, with a grand mean concentration of 56.5% and a range of genotype × environment means (not shown) of 44.5-64.5%. Among genotypic means, AC Assiniboia, CDC Dancer, and Leonard had the highest mean starch concentrations, and ND030291 had the lowest (Table II) . There was no significant environmental variation in starch concentration.
Protein was the second most abundant of the macronutrients. Of the samples analyzed, a grand mean of 18.1% was determined with a genotype × environment mean (not shown) range of 15.0-22.2%. The cultivars Morgan and Pinnacle exhibited the lowest genotypic means for protein, and the cultivar Gem exhibited the highest. The lowest environmental mean for protein was found at Fargo in 2005, and the highest environmental mean for protein was observed at Williston in 2006 (Table II) .
Abundance of individual free amino acids and amino acids from proteins were also determined from three genotypes (Beach, CDC Dancer, and HiFi) grown at three locations (Carrington, Fargo, and Williston) in North Dakota in 2005. There was very little variation in protein amino acids when expressed as percent of protein (Table III) , but variation in protein concentration led to significant differences when amino acid concentrations were expressed per kilogram of flour (not shown). There were no significant genotypic effects among any amino acid and significant location effects only for aspartic acid, serine, threonine, and cystine (ANOVA not shown). Relatively high methionine and lysine concentrations emphasize the nutritional value of oat protein.
Free amino acids were determined on the same samples for which protein amino acids were analyzed (Table III) . Asparagine and glutamate were the most abundant free amino acids. Free asparagine may offer nutritional issues because of potential acrylamide conversion. The levels observed are probably not high enough to create concern. There was no significant genotypic variation, but all free amino acids showed significant location variation, except alanine, leucine, isoleucine, tryptophan, and glutamine (ANOVA not shown). The highest free amino acid concentrations were found at Williston, except proline, which was highest at Fargo. Carrington had the lowest free amino acid concentrations for valine, phenylalanine, asparagine, lysine, serine, and threonine. Fargo free amino acid concentrations were usually intermediate to Carrington and Williston (ANOVA not shown).
The grand mean of oil concentration in the oat samples studied was 7.9%. Among the genotype × environment means (not shown), Morgan at Williston in 2006 exhibited the lowest concentration at 5.9%, and HiFi at Fargo in 2005 exhibited the highest oil concentration at 10.1%. The coefficient of variance (CV) among the genotype × environment means was 12.5%. Gem had the lowest genotypic mean for oil concentration, whereas HiFi had the highest. Williston in 2006 had the lowest environmental oil concentration mean, and Fargo in 2005 had the highest (Table  II) . Results from Doehlert et al (2010b) indicated that the total lipid was composed of about 79% neutral lipid, 10% phospholipid, and 11% glycolipid. Doehlert et al (2010b) also provided a detailed analysis of the polar lipid composition in samples from the three 2005 environments analyzed in this study.
Fatty acid composition was determined on total fats from all 18 oat genotypes grown at six locations (Table IV) . Although significant genotypic and environmental variation in relative abundance of all fatty acids was observed except the for the 14:1 and the 16:0 fatty acids, the variation was not large and is probably not significant on a physiological level. The 18:1 and 18:2 fatty acids were the most abundant, and together with the 16:0 fatty acid made up over 90% of the total. We did not quantify oxygenated fatty acids, and these may have constituted up to 5% of the total (Doehlert et al 2010b) .
Frequently, total fatty acid concentration (Table IV) is taken as a measure of total lipid. Here, we used NMR to estimate total lipid or oil (Table II) . The two measurements were similar but not identical. Total fatty acid concentration was consistently lower than total oil determined by NMR. We cannot speculate which value is more accurate, although regression analysis of the two data sets indicated that total fatty acids accounted for 93% of the variation observed in total oil, indicating a high level of correlation between these two values. In particular, genotypes with high β-glucan levels, such as HiFi and ND030291, had lower lipid as estimated by total fatty acids than estimated by NMR, relative to other genotypes. Again, we have no basis to speculate on the source of these differences. NDF provided our estimation of water-insoluble fiber. We found a grand mean of 6.0%. The lowest genotype × environment mean was found with the cultivar Leonard in Carrington in 2006 at 4.1%, and the highest was 9.1% with ND030291 at Carrington in 2005. The CV for the genotype × environment means was 13.8%. ND030291 also had the highest genotypic mean and Leonard the lowest. Carrington in 2005 had the highest environmental mean for NDF, and Carrington in 2006 had the lowest (Table II) .
β-Glucan analyses indicated a grand mean of 5.2%. The inclusion of the high-β-glucan cultivar HiFi and the breeding line ND030291 may have resulted in a grand mean higher than one might expect to find in a general oat population, although market pressures are encouraging the development and culture of more high-β-glucan oat cultivars. Among genotypic × environmental means (data not shown), the lowest β-glucan value was 3.6% found in Leonard from Fargo in 2006, and the highest value was 7.8% found in ND030291 from Carrington in 2006. The CV among these genotype × environment means was 15.4%, which made β-glucan the most highly variable of the macronutrients. Leonard had the lowest genotypic mean for β-glucan at 4.17%, and ND030291 had the highest genotypic mean for β-glucan at 7.05%. The environment with the lowest mean β-glucan concentration was Fargo in 2006, and Fargo in 2005 was the environment with the highest β-glucan concentration (Table II) .
Ash was the least abundant of what we referred to as macronutrients. The grand mean ash concentration in our samples was 1.85%. The range of genotypic × environmental means (data not shown) was 1.54-2.18%. The lowest genotypic mean for ash was from AC Weaver, and the highest was Triple Crown. The lowest environmental mean for ash was from Carrington in 2005, and the highest was from Fargo in both 2005 and 2006 (Table II) .
Mean soluble carbohydrate concentration was 0.70%, but no significant genotypic or environmental variation was detected, so no other means are presented. The mean summation of the macronutrients was 96.2%, which indicated that either we did not account for 3.8% of the oat mass with our analyses of the macronutrients or that the difference from 100% was the result of error. In either case, it suggested a relatively low error for the summation of our analyses. Some of the shortfall may be because of our failure to measure arabinoxylans, which may constitute 1% of the groat mass . We have previously published concentrations of avenanthramides for these same samples, which averaged 12.4 mg/kg (db) and would not be considered a major component. However, the extreme level of genotype × environment interaction associated with crown rust incidence and genetic resistance provides insight into variations of other components (Wise et al 2008) .
Our analyses included that of micronutrients selenium, zinc, iron, calcium, potassium, and magnesium (Table V) . Selenium was present in a mean concentration of 0.36 ppm with a range among genotype × environment means (data not shown) of 0.14-0.747 ppm. The lowest genotypic mean was Leonard with 0.310 ppm, and the highest genotypic mean was HiFi with 0.412 ppm. The lowest environmental mean was Fargo 2006 with 0.180 ppm, and the highest environmental mean was Carrington 2005 with 0.583 ppm. It appeared that most of the variation in selenium can be attributed to environmental factors, as confirmed by the ANOVA (Table VI) .
The mean zinc concentration in the samples was 26.8 ppm with a range among genotypic × environment means (data not shown) of 12.9-50.2 ppm. The highest genotypic mean was 30.2 for ND030291, and the lowest was 22.5 ppm for Otana. The lowest environmental mean was 15.9 from Fargo in 2006, and the highest was 39.2 from Carrington in 2006. The ANOVA also confirms that most of the variation in zinc can be attributed to the environment (Table VI) .
The mean iron concentration was 47 ppm with a range of genotypic × environment means (data not shown) of 36.0-65.0 ppm.
Among genotypic means, Morgan had the lowest iron concentration and ND030291 had the highest (Table V) . There was no significant environmental variation in iron concentration (Table VI) .
Mean potassium concentration was 3,481 ppm with a range of genotype × environment means (data not shown) of 2,658-4,764 ppm. Among genotypic means, Leonard had the lowest value and ND030291 had the highest (Table V) Magnesium had a mean concentration of 1,371 ppm with a range among genotype × environment means (data not shown) of 1,157-1,564 ppm. Among genotypic means, AC Weaver was the lowest and Triple Crown the highest (Table V) . There was no significant environmental variation for magnesium (Table VI) .
Phytic acid concentrations (Table VII) were determined in three genotypes from three environments (Beach, CDC Dancer, and HiFi, from 2005 environments). A mean concentration of 0.53% (db) was determined. ANOVA (not shown) indicated that genotypic variation was significant, but environmental variation (not shown) was not significant.
The results of ANOVA (Table VI) indicate significant genotypic variation in all compositional components except selenium. It also indicated significant environmental variation in all components except starch, iron, and magnesium. All compositional components exhibited significant genotype × environment interaction, except starch, selenium, and iron. Evaluation of genotypic × environmental means suggested that the source of the significant interaction was the magnitude of change for genotypes in different environments rather than in the direction of the change.
Genotypic correlations (matrix not shown) among compositional components indicated that starch concentration was significantly correlated with β-glucan (r = -0.81), NDF (r = -0.77), and ash (r = -0.70) at a 99% confidence level and with oil (r = -0.57) at a 95% confidence level. Protein concentration was significantly correlated with ash (r = 0.71), zinc (r = 0.61), and magnesium (r = 0.76) at a 99% confidence level. β-Glucan was correlated with starch (r = -0.81), NDF (r = 0.78), and potassium (r = 0.65) with a confidence level of 99%. Oil and NDF were also significantly correlated (r = 0.56) with a 95% confidence level.
In an earlier analysis of oat grain composition (Doehlert et al 2001) , more environments were available for extensive analysis of environmental effects. However, a precursory analysis of environmental effects on composition by stepwise regression indicated a series of relatively simple regression equations that could account for quite a lot of the observed environmental variation in oat composition (Table VIII) . Here, we find it remarkable that so few environmental variables could account for so much of the environmental variation in this set of oat samples. These results may provide insight into environmental factors important to composition.
CONCLUSIONS
Because starch is the major component of the oat groat, any increase in any other major component results in a decrease in starch. Because fiber components are carbohydrates, like starch, their concentration (β-glucan and NDF) are particularly inversely associated with starch. Protein was highest is dry climates, and oil was highest in wet climates.
Of particular interest to oat nutrition is the effect of environment upon fiber components. There appeared to be a distinct (and statistically significant) negative association of β-glucan concentration with the moisture of the environment. Although the regression equation used June rain to best describe the variation, highly significant negative correlations were found with June solar radiation and potential evapotranspiration in both June and July. Improved moisture provides more carbohydrate substrate to allow for increased β-glucan and insoluble fiber biosynthesis.
Micronutrients that varied the most appeared dependent on environmental factors. Variation was most likely owing to their availability in the soil. Most soils used in this study were enriched to about the same level, which generated relatively low variation of most micronutrients. Micronutrient values reported here are largely consistent with those reported previously (Peterson et al 1975; Frolich and Nyman 1988) .
All results presented here are largely consistent with values provided in the review by Welch (1995) ; however, we provide a modern survey of composition of some major North American cultivars, including a high-β-glucan breeding line (ND030291). It is apparent from these results that oats are a nutritious grain with high protein, moderate fat, and abundant soluble and insoluble fiber. This study demonstrates that highly nutritious oats can be generated from a wide range of genotypes and diverse environments. a Units: starch, protein, oil, β-glucan, neutral detergent fiber, and ash are % db, and elements are ppm.
